One of the major questions in ecology and evolutionary biology is how variation in the genome enables species to adapt to divergent environments. Here, we study footprints of thermal selection in candidate genes in six wild populations of the afrotropical butterfly Bicyclus anynana sampled along a c. 3000 km latitudinal cline. We sequenced coding regions of 31 selected genes with known functions in metabolism, pigment production, development and heat shock responses. These include genes for which we expect a priori a role in thermal adaptation and, thus, varying selection pressures along a latitudinal cline, and genes we do not expect to vary clinally and can be used as controls. We identified amino acid substitution polymorphisms in 13 genes and tested these for clinal variation by correlation analysis of allele frequencies with latitude. In addition, we used two F ST -based outlier methods to identify loci with higher population differentiation than expected under neutral evolution, while accounting for potentially confounding effects of population structure and demographic history. Two metabolic enzymes of the glycolytic pathway, UGP and Treh, showed clinal variation. The same loci showed elevated population differentiation and were identified as significant outliers. We found no evidence of clines in the pigmentation genes, heat shock proteins and developmental genes. However, we identified outlier loci in more localized parts of the range in the pigmentation genes yellow and black. We discuss that the observed clinal variation and elevated population divergence in UGP and Treh may reflect adaptation to a geographic thermal gradient.
Introduction
Understanding how variation in the genome enables species or populations to cope with and adapt to divergent environmental conditions is a central goal in biological research. Studying genes that are putatively under selection can shed light on the quantity and nature of genetic changes involved in adaptive differentiation. Moreover, identification of ecologically relevant genetic variation involved in local adaptation of wild populations is important in the context of present-day humaninduced environmental change, including habitat fragmentation and climate change. Genes involved in adaptive responses can be used as genetic markers in conservation efforts, and to study and monitor species' micro-evolutionary responses to selection imposed by environmental change (Hoffmann & Willi 2008 ).
An increasing number of studies indicate that genetic changes in particular loci can play an important role in the performance and fitness of organisms in relation to their environment (e.g. Mitton & Duran 2004; Hoekstra et al. 2006; Campbell et al. 2010) . Genetic changes leading to variation in responses to environmental conditions include changes in regulatory regions that induce the differential expression of genes (e.g. Chen et al. 2007) , and changes in the coding regions of the genes that can lead to amino acid variation, and potential structural differences, in the encoded proteins (e.g. Hanski & Saccheri 2006) . A well-studied example of adaptive variation in coding DNA is amino acid polymorphism in the metabolic enzyme phosphoglucose isomerase (PGI), which has been associated with fitness and performance differences particularly in relation to temperature in various Arthropod taxa, including butterflies (Watt 1983; Hanski & Saccheri 2006) , beetles (Rank et al. 2007 ) and amphipods (Patarnello & Battaglia 1992) .
One approach to infer selection at the molecular level is to associate genetic polymorphisms in populations with geographically varying environmental parameters. Temperature is generally recognized as one of the main environmental variables influencing and limiting organismal performance and fitness, and consequently determining the distribution and range of species (e.g. Fields 2001; Angilletta 2009 ). Latitudinal clines are a powerful tool in demonstrating patterns of past natural selection associated with temperature (Endler 1977) , and have been described at the phenotypic and molecular level in a wide range of organisms, including flies (Hoffmann & Weeks 2007) , fish (Schmidt et al. 2008) , and plants (Hall et al. 2007 ). Examples of candidate gene groups for which latitudinal or altitudinal clines are reported in the literature include metabolic enzymes, which have been association with adaptive variation in, for example, life history and physiological traits (e.g. Sezgin et al. 2004; Paaby et al. 2010) , and genes involved in pigment biosynthesis, underlying adaptive variation in body pigmentation (Hoekstra 2006; ).
Although molecular clinal variation has been well studied in Drosophila (Sezgin et al. 2004; Hoffmann & Weeks 2007) , there are few comparable studies in other insect groups with distinct biological properties. Butterflies are increasingly used in evolutionary and ecological studies (Brakefield et al. 2009 ), but studies of molecular clinal variation in butterflies are rare (Fischer & Karl 2010) . The few available studies involve only a few species, which are far from representing the extraordinary diversity of genetic properties and ecological strategies in this group (Boggs et al. 2003) . Importantly, butterflies are good bioindicators because of their sensitivity to environmental changes (Parmesan 2003) , making them particularly suitable for studies involving species' responses to environmental variation. The butterfly Bicyclus anynana is an emerging model species for developmental and life history studies, in particular in relation to temperature, with genetic information and tools becoming increasingly available (Brakefield et al. 2009; Beldade et al. 2011) .
In this study, we took a candidate gene approach to study the footprints of selection in wild populations of the butterfly B. anynana sampled along a latitudinal transect. We sampled six populations from the equator to the southernmost part of the range covering c. 3000 km, thereby extending over most of the species' latitudinal range (Condamin 1973) . We selected a set of genes for which we expect a role in thermal adaptation and, thus, potential selection along a temperature gradient, including metabolic genes from the glycolytic and lipid pathway (Sezgin et al. 2004; Hoffmann & Weeks 2007) , genes from the heat shock protein family (Frydenberg et al. 2003) , and genes involved in the pigment biosynthesis of wing pattern pigmentation (Wittkopp & Beldade 2009 ). In addition, we included a set of developmental genes (Saenko et al. 2010; Conceição et al. 2011; Shirai et al. 2012) , for which we do not have a priori indication of a role in thermal adaptation. To detect patterns of selection related to temperature adaptation, we analysed clinal variation of amino acid polymorphisms in the target genes by testing for significant correlations between population latitude and allele frequencies. Furthermore, we carried out two F ST -based outlier methods to identify loci putatively under selection under a range of evolutionary scenarios, while taking into account the population structure and demographic history of the populations.
Materials and methods

Populations and samples
In 2005 and 2006, six populations were sampled along a latitudinal cline from the following locations (from North to South, followed by their abbreviations, coordinates and sample sizes): Lake Mburo in Uganda (LM, 0°38′ S 30°57′ E, n = 50); Watamu in Kenya (WA, 3°2 1′ S 40°1′ E, n = 40); Ngezi forest on Pemba Island, Tanzania (PE, 4°55′ S 39°42′ E, n = 35); Zomba in Malawi (ZO, 15°22′ S 35°19′ E, n = 43); Mpaphuli Cycad Reserve in Limpopo, South Africa (LP, 22°47′ S 30°37′ E, n = 50); and False Bay Park of the Greater St. Lucia Wetland Area, KwaZulu Natal, South Africa (FB, 27°58′ S 32°21′ E, n = 50). Figure 1A gives an overview of the locations of the populations sampled. For each population, the sex ratio in the samples was balanced. Samples were stored at À80°C until they were used for DNA extraction.
Candidate gene selection and primer design
Coding sequence for candidate genes was obtained from the assembly of a collection of expression sequence tags from Bicyclus anynana developing wings (Beldade et al. 2006 . The candidate genes for this study were mainly selected on the basis of the Drosophila literature. We searched our B. anynana gene collection by tblastx analysis (with default parameter settings: word size 11; filter for low complexity regions on; e-value cut-off 1.0e-05) with Bombyx mori orthologs of the candidates. We obtained the B. mori orthologs from the Silkworm Genome Database (SilkDB, Xia et al. 2004 ). The selected candidates include genes from the glycolytic pathway and its branches (Gapdh2, Gdh, GlyP, Tpi, Treh and UGP), the lipid pathway (ApoLp, desat, Lip, LpR, TAG, and Vg), an antioxidant enzyme (Cat), and genes involved in pigmentation biosynthesis (black, Catsup, Ddc, light and yellow). In addition, we included six genes from the heat shock protein family (Hsc70-3, Hsc70-4, Hsp20, Hsp60, Hsp70 and Hsp90) and five genes involved in developmental pathways (APC, Dll, en, Ovo and wg).
For each gene, primers were designed (NCBI's primer-BLAST tool with default settings) to amplify lengths of 200-1000 bp of the exonic regions, excluding introns whose positions were inferred from those known for the corresponding B. mori orthologs (SilkDB), resulting in one to three primer pairs per gene. To avoid amplification of paralogous genes similar to the target genes, we took into account the similarity of the B. mori orthologs to their nearest paralogs. We only selected genes for which the B. mori ortholog differed from their nearest paralog with at least 30% at the nucleotide level. Primers were tested on five individuals per population and accepted for further use when the PCR products yielded bands of the same size.
DNA extraction, PCR and sequencing
Genomic DNA was extracted from individual thoraces and legs using Qiagen's DNeasy tissue kit following manufacturer's instructions. DNA concentrations were measured using Nanodrop spectrophotometry and Picogreen fluorometry. Various studies have shown that accurate estimates of allele frequencies based on PCR results can be obtained by precise pooling of the DNA of several individuals combined (reviewed in Sham et al. 2002) . Thus, three individual samples of identical concentrations were combined in pools, resulting in 17 pools per population. PCRs were conducted in a 50-lL volume, with each reaction containing 0.25 mM of each dNTP, 0.2 mM of each primer, 0.25 lL ExTaq (Takara) and 90 ng DNA. PCR conditions consisted of an initial 3 min at 94°C, 33 cycles of 94°C for 30 s, 60°C for 30 s, 72°C for 45 s, and a final extension at 72°C for 5 min. Primer combinations for which the PCR product did not yield a band on agarose gel for all pooled 
SNP calling
The 75-bp sequence reads were aligned to the reference sequence using MAQ software (Li et al. 2008) . Single nucleotide polymorphisms (SNPs) were called with a minimum minor allele frequency of 1%. With N = 50 for most of the DNA pools, the 1% cut-off value represents the allele frequency of a single rare allele in the pool, whereas anything below that we consider the results of read error. Furthermore, we only called SNPs that were biallelic and had a Phred quality score (Ewing & Green 1998) higher than 50. The alignment and SNP calling analyses were carried out by Macrogen Inc. Reading frame positions for protein translation of candidate genes were determined by alignment to B. mori orthologs from the SilkDB, which allowed for assessment of silent (synonymous) and replacement (nonsynonymous) SNPs.
Population genetic parameters
Single nucleotide polymorphism allele frequency data were converted to genotype files for each locus and population using WHICHLOCI software (Banks et al. 2003) , assuming Hardy-Weinberg equilibrium. Haplotype structure and linkage between SNPs could not be analysed because the reconstructed genotype data were based on allele frequencies from pooled samples. We calculated two measures of genetic diversity per population using the program FSTAT (version 2.9.3; Goudet 2002): allelic richness (AR), which measures genetic diversity as the average number of alleles in a sample (corrected for the differences in sample size between the populations, Leberg 2002), and gene diversity (or expected heterozygosity, H), which represents the probability that two randomly sampled alleles are different.
Significance of pairwise population differences was assessed using analysis of variance followed by a Tukey's honest significant differences (HSD) test in SPSS (version 18 Weir & Cockerham (1984) using 1000 permutations, and averaged over the total set of genes.
Detecting loci under selection
For our study, we chose an explorative design by including a large number of genes to screen for evidence of selection. This approach increases the chance of finding significant clines in individual genes, but comes at a cost of reduced statistical power owing to multiple testing. Because only six populations were sampled the correlation coefficient needs to be very high to reach a high level of significance to withstand multiple testing correction. Therefore, we chose here to only focus on the replacement SNPs for the analysis of clinal variation, as this type of allelic variation has a clear functional relevance, with many well-documented examples of adaptive variation. We included the replacement SNPs that were polymorphic in at least three populations (the minimum number to form a gradient). For each SNP, the association between allele frequency and geographic origin of the populations (latitude) was tested using Pearson's correlation analysis in SPSS (version 18). Multiple comparisons were corrected using Benjamini & Hochberg's (1995) false discovery rate (FDR) procedure, with the FDR set at 5%. For the SNPs showing clinal variation we investigated the level of amino acid conservation and their location relative to protein conserved domains using NCBI Conserved Domain Search.
To further detect evidence of selection among the replacement SNPs we implemented two widely used F ST -based outlier methods. Both are based on the principle that loci affected by directional selection are expected to show increased interpopulation divergence compared to neutral loci (Storz 2005) . For these analyses we included all silent SNPs, which are expected to be mostly evolving neutrally and thus provide a backdrop of neutral divergence. On the basis of this neutral divergence analysis, we excluded the populations PE and LM from the outlier analyses because our population genetic tests revealed a high phylogenetic divergence relative to the other populations and a large number of unique SNPs for both populations (see Results and Discussion). Initial runs of the outlier methods including all six populations mainly identified these unique SNPs as outlier loci (data not shown). Because we were primarily interested in outlier loci among polymorphisms shared between populations, we continued the analyses with the populations FB, LP ZO and WA. These four populations did not have any unique SNPs and essentially covered most of the sampled geographic area (Fig. 1A) .
The first method we used was the fdist method developed by Beaumont & Nichols (1996) , implemented in the software LOSITAN (Antao et al. 2008) . This approach compares the F ST values in relation to heterozygosity of individual loci, to a neutral distribution that is generated by means of coalescent simulations in a symmetrical island migration model at mutation-drift equilibrium. We carried out the simulations including the FB, LP, ZO and WA populations under both the Infinite Alleles Model (IAM) and the Stepwise Mutation Model (SSM), with 10 000 simulations and a confidence interval of 0.99.
Although fdist is robust to a range of nonequilibrium conditions, it can be sensitive to variation in demographic parameters among populations. Inclusion of populations that are phylogeographically distant, or have recently experienced a bottleneck, may bias the outcome of the method (Storz 2005) . The first issue does not apply to our data because we excluded the more diverged populations PE and LM. To address the second issue, we assessed the possibility of recent bottleneck with the coalescent simulation-based test by Cornuet & Luikart (1997) . This method is based on the rationale that a reduction in effective population size results in a faster loss of alleles than of heterozygosity. A recent bottleneck can be detected by testing for an excess of heterozygosity relative to allele numbers. We implemented the method with the software BOTTLENECK 1.2.02 under two mutation models, IAM and SSM, assuming mutation-drift equilibrium.
The second outlier approach we used was developed by Vitalis et al. (2001) and executed with the R-package DETSEL (version 0.9). The method is based on a pure divergence model where an ancestral population at mutation-drift equilibrium splits up into two populations, which are isolated and diverge by mutation and random drift only. The analysis is restricted to population pairs but has the advantage that it can account for a range of demographic parameter values simultaneously, including bottlenecks, identifying outlier results that are robust under various scenarios of demographic history. The method estimates a parameter of divergence for each population based on the empirical loci. Subsequently, a joint neutral distribution is generated by coalescent simulation to match these parameters, against which the empirical loci are compared for outlier detection. We performed the analysis for the two populations at the extremities of the four-populationrange (FB-WA) and the stepwise pairs in between (FB-LP; LP-ZO; and ZO-WA). For each population pair, a null distribution was generated with 1 000 000 simulations, with mutation rates 0.0001 and 0.00001, and 12 different combinations of demographic parameter sets: ancestral population size: 1000, 10 000, bottleneck population size before the split: 500; duration of bottleneck in generations: 0 (no bottleneck), 500, 5000, generations since divergence: 1000, 10 000. Loci with a P-value larger than 0.99 were scored as outliers.
Results
To detect footprints of selection putatively associated with temperature adaptation along a latitudinal cline, we sequenced 49 fragments of 31 genes (details in Table  S1 , Supporting information) with a combined length of 24 996 bp per individual, in a total of 265 individuals from six populations. Prior to sequencing, we tested a total of 67 primer pairs, of which we excluded 10 pairs because of missing bands, and four pairs because they gave different size or multiple bands within or between populations, which may have been caused by SNPs in the primer sites, or indels, respectively. Exclusion of these primer pairs may have decreased the estimates of the population allelic diversity. The sequencing read depth was very high (average, >10 000 reads). As an extra measure to prevent calling false positives we therefore only included SNPs with a minor allele frequency of at least 4% in at least one population (and at least 1% in the other populations, see Materials and methods). After our strict SNP calling criteria, we discovered a total of 627 SNPs, 596 synonymous and 31 nonsynonymous. Table S1 (Supporting information) gives an overview of the genes included in the study, including full names and abbreviations, GenBank accession numbers, functional assignment, Bombyx mori ortholog reference, sequences of the primers used for amplification of the genes, sequence lengths of the corresponding amplicons, number of synonymous and nonsynonymous SNPs per amplicon, positions of nonsynonymous SNPs on each amplicon, and the populations for which the nonsynonymous SNPs are polymorphic.
Population genetic diversity and differentiation Table 1 shows the average AR and gene diversity (H) per candidate gene including the standard deviation for each population and the total number of unique SNPs per population (SNPs occurring only in that population). AR is significantly lower (F 5,180 = 8.64, P < 0.0001) for the LM population compared to the other populations. The WA population and the island population PE have lower values than the FB, LP and ZO populations, but these differences are not significant. Similarly, LM shows the lowest gene diversity, which is significantly different (F 5,180 = 6.93, P < 0.0001) from the other populations. WA and PE have lower H values than FB, LP and ZO, but these differences are very small and nonsignificant. The same pattern is reflected in the total number of SNPs per population, with very similar numbers for FB, LP, ZO and WA, fewer for PE and a much lower number for LM. The populations FB, LP, ZO and WA have no unique SNPs. In contrast, PE has 52, and LM, 69.
We calculated average pairwise population F ST values, from F ST values for each gene based on the silent SNPs (Table 2 Table S1 (Supporting information) gives the total sequenced length in bp, the number of silent SNPs, the number and position of replacement SNPs, and the populations for which the replacement SNPs are polymorphic. The majority of the SNPs were silent, with nearly 20-fold as many silent SNPs as replacement SNPs. Our further analyses of evidence of selection were focused on replacement SNPs that were polymorphic in at least three populations. This selection resulted in 19 replacement SNPs identified in 11 genes: ApoLp, black, Hsp20, Hsp90, light, TAG, Treh, UGP, Vg, wg, and yellow (Table 3 ). For these, we performed clinal variation and outlier analyses.
Candidate genes
We present the results of a Pearson's correlation analysis on replacement SNP allele frequencies against latitude. A summary is given in Table 3 , which shows the F ST value, Pearson's correlation coefficient (r) and associated P-value with significance indication per SNP for each gene. We found significant clinal variation for two of three replacement SNPs in Treh (Treh 335 , Fig. 2A and Fig. 2B ) and for the one replacement SNP in UGP (UGP 248 , Fig. 2C ). After multiple testing correction with the FDR at 5% (Benjamini & Hochberg 1995) , the cline for UGP 248 remained significant.
We identified outlier loci among the populations FB, LP, ZO and WA with the statistical methods fdist and DetSel. Fdist included all four populations simultaneously and revealed UGP 248 as the only outlier locus among the replacement SNPs of interest, which was significant under both the IAM (P = 0.004) and the SSM (P = 0.009). The test for recent bottlenecks revealed a significant excess of gene diversity compared to the number of alleles for all four populations under both mutation models (IAM/SSM P-values, FB: P < 0.0001/ P = 0.005; LP: P < 0.0001/P = 0.018; ZO: P < 0.0001/ P = 0.021; WA: P < 0.0001/P = 0.012). These results indicate that the fdist result should be treated with caution because the method can be sensitive to the demographic history of the populations, in particular bottlenecks. We ran DetSel for four population pairs under a broad range of demographic parameters to account for the effect of previous bottlenecks and other demographic scenarios. We were primarily interested in the divergence of loci between the populations FB and WA, which represent the extremes of the range of the four populations, but also carried out the stepwise comparisons in between (FB-LP; LP-ZO; and ZO-WA). DetSel revealed three outlier loci among the replacement SNPs between FB and WA, which were the same three loci that showed clinal variation: Treh 335 (P = 0.008), Treh 550 (P = 0.01) and UGP 248 (P = 0.001). The stepwise population comparisons did not identify these loci as outliers, presumably because of the evenly distributed cline of increased divergence of the loci over the range. In addition, DetSel identified localized outlier signals in replacement SNPs of the pigmentation genes black and yellow. The locus black 132 was a significant outlier between FB-LP (P = 0.009) and LP-ZO (P = 0.001), and the SNPs yellow 585 and yellow 591 between LP-ZO (P = 0.005, P = 0.009, respectively). The results of the outlier analyses are summarized in Table 3 .
Discussion
We investigated footprints of selection in coding sections of 31 selected genes for wild populations of the butterfly Bicyclus anynana along a latitudinal cline. The studied genes included a set putatively associated with temperature adaptation (e.g. metabolic and pigmentation genes) and others for which we did not necessarily expect to find clinal variation (e.g. embryonic development genes). We characterized the populations for genetic diversity measures (AR, expected heterozygosity, level of polymorphism) and interpopulation structure (F ST ). Our tests for clinal variation and outlier loci among amino acid polymorphism identified clines and elevated levels of population divergence in two metabolic genes, as well as more localized outlier loci in two pigmentation genes. It should be noted that we focussed on the coding regions of the included genes, which is likely to result in an underestimation of the footprints of selection.
Temperature and latitude
The distribution area of B. anynana spans a considerable temperature range with increasing overall temperatures and decreasing temperature amplitudes towards the equator. Figure 1B shows climate charts for average minimum, mean and maximum temperatures for the Kenyan population near the equator and the most southern subtropical population from South Africa. Average monthly mean temperatures differ by as much as 8°C between the extremes of the sampled range, and yearly temperature differences are considerably larger for South Africa than Kenya where temperatures remain fairly uniform throughout the year. The association of rainfall with latitude (not shown) is considerably more complex than temperature and does not show a clear gradient on a regional or local level.
Neutral population divergence
When inferring footprints of selection from genomic data, it is important to disentangle the respective effects of neutral and selective evolution shaping genetic variation among populations. A potential problem with the interpretation of clinal variation is that the effects of spatially varying selection may be confounded with patterns of population structure resulting from demographic or population genetic processes, such as historical bottlenecks, range expansions or spatially restricted gene flow (Gould & Johnston 1972; Endler 1977; Vasemägi 2006) . To address this issue, we took into account the neutral population structure and phylogeographic history of the studied populations.
The population genetic tests indicate that the population LM, which belongs to the subspecies centralis, and the island population PE show moderate to high divergence compared to the four 'mainland' populations (Tables 1 and 2) . These results based on the silent SNPs are likely to reflect the outcome of largely neutral evolution, although selection on these because of linkage/ hitchhiking (Nielsen 2005 ) and other nonneutral processes (Chamary et al. 2006 ) cannot be excluded. However, the results are supported by a previous report on the phylogeographic history of the same populations using mitochondrial DNA. This study indicated that the lower level of differentiation between the mainland populations is likely to be caused by recent population expansion consistent with the southward expansion of the savannah habitat from equatorial refugia during the late Holocene (De Jong et al. 2011) . This southward expansion could potentially have led to a clinal signal in the neutral genetic variation among the four mainland populations. However, the frequency of the most common mtDNA haplotype, shared by the mainland populations, did not show significant clinal variation with latitude (data not shown). On the basis of the population genetic results and initial tests, we excluded the LM and PE populations from the outlier tests, with the remaining four populations still spanning more than 85% of the sampled range. The wide neutral divergence of PE and LM would bias the identification of outliers towards unique SNPs and away from the loci of interest, those that were polymorphic in the majority of the populations.
Using two outlier methods with different model assumptions, one of which allows detailed demographic parameter settings including historical bottlenecks, we explored a broad range of evolutionary scenarios under which loci putatively under directional selection could be identified. Of these two outlier methods, we believe that the DetSel analysis (Vitalis et al. 2001 ) is the most reliable given our data. Firstly, we detected signatures of historical bottlenecks in the included populations, which may bias the outcomes of the fdist method (Storz 2005) , but can be accounted for in the DetSel analysis. Secondly, DetSel's pure divergence model (although robust to moderate levels of gene flow, Vitalis et al. 2001) probably represents the natural population genetic structure of our study system better than the island with migration model of the fdist method. Gene flow between the B. anynana populations is likely to be very low or absent because of the large distances between them and the naturally fragmented nature of the habitat (De Jong et al. 2011 ).
Metabolic genes: clinal variation and outlier loci
The majority of evidence for adaptive clinal variation in coding polymorphisms results from studies on allozyme and candidate gene studies in metabolic genes in Drosophila. A well-known example is the parallel cline in the alcohol dehydrogenase enzyme (Adh) in Australia, linked to latitudinal phenotypic variation in alcohol tolerance (Oakeshott et al. 1982) . The recent advances in sequencing technology have sparked a renewed interest in studying clinal variation at the molecular level, resulting in an increase in the discovery of genes displaying molecular clines. For example, Sezgin et al. (2004) reviewed and tested for clinal coding variation of metabolic enzymes in Drosophila melanogaster, reporting on a total of nine genes displaying significant clines, and further reports have followed (Schmidt et al. 2008; Paaby et al. 2010) .
In this study, we identified significant clinal variation in replacement SNPs of two candidate genes involved in carbohydrate metabolism: UGP and Treh. Two of the three replacement SNPs in the c. 1000 bp sequence for Treh showed a significant correlation between allele frequency and latitude (Table 3 ; Fig. 2 ). The cline was very steep for Treh 335 , for which the allele frequencies ranged from nearly zero to nearly one ( Fig. 2A ). In addition, there was also significant clinal variation for nine silent SNPs, distributed over the entire length of the fragment (P-values ranging from 0.019 to 0.047). This is likely to be caused by linkage of the silent SNPs with the amino acid polymorphisms. The same two replacement SNPs that showed clinal variation were identified as outliers by DetSel for the majority of the range (FB-WA). For UGP, the single replacement SNP on the 500-bp sequence (UGP 248 ) showed a significant cline (Fig. 2C) , as did three silent SNPs nearby on the same fragment (P-values 0.030-0.009). Moreover, both outlier tests revealed the replacement SNP as significantly more diverged than expected under neutral evolution across the largest part of the range. For both genes, the regions sequenced for this study are located within protein domains that are highly conserved across taxa (Treh: glycoside hydrolase family and UGP: UDP-glucose pyrophosphorylase family), indicating the functional importance of these regions. Treh 335 leads to a polymorphism involving amino acids with very similar physiochemical properties (aspartic acid and glutamic acid), which is not likely to greatly change protein structure or function. However, the substitution encoded by UGP 248 (proline -serine) and in particular the substitution of Treh 550 (proline -valine) involve changes between amino acids with distinctly different physiochemical properties, which therefore may more likely affect protein structure and/or function.
The genes Treh and UGP both code for key enzymes in carbohydrate metabolism and widely found in plants, animals and microorganisms (Kleczkowski et al. 2004) . Treh catalyses the conversion of trehalose, an important storage carbohydrate, to glucose. In insects and other arthropods, Treh plays a crucial role in various physiological processes, including stress responses, such as hypoxia (Chen & Haddad 2004) , desiccation (Worland et al. 1998; Timmermans et al. 2009 ) and thermal stress (Friedman 1978; Worland et al. 1998) . UGP catalyses the reversible formation of UDP-glucose, an important step in the synthesis of glycogen, which is, similar to trehalose, an important storage carbohydrate (Alonso et al. 1995) . The putative adaptive divergence we observed in these genes could possibly be driven by selection on metabolic storage imposed by different thermal and seasonal environments. B. anynana experiences cooler and seasonally more variable thermal conditions towards higher latitudes, which leads to increased periods of relative inactivity during the cooler seasons for the southern populations (de Jong, personal observation) during which they may rely on increased glycogen and trehalose storage. In other insects, glycogen storage has been positively connected to starvation resistance (e.g. Chippindale et al. 1998) . Furthermore, because flight performance decreases in lower temperatures (Lehmann 1999) , and as trehalose and glycogen are both important energy sources during insect flight (Clegg & Evans 1961; Candy et al. 1997) , increased storage and metabolism of these carbohydrates may facilitate the maintenance of flight endurance in cooler environments.
Another functional mechanism that could underlie the latitudinal variation in the genes is the temperaturedependent performance of the enzymes. Metabolic enzymes typically have limited thermal performance curves that are shaped by the ability to bind substrate (conformation) and the flexibility to change the shape during catalysis (Hochachka & Somero 2002) . The substitution of amino acids can alter the thermal properties of proteins (Fields 2001) , and natural selection favours mutations that influence the conformational stability of enzymes (Marx et al. 2007) . The more flexible an enzyme is, the faster it can change shape during catalysis, but this comes at the cost of a lower conformation stability. In general, higher temperatures favour greater conformational stability, while more flexible enzymes perform better at lower temperatures (Fields 2001; Hochachka & Somero 2002) . Constraints on thermal performance of enzymes may be one of the most important factors determining the geographical distribution of ectotherms (Fields 2001) .
Remarkably, for both Treh and UGP, clines in the coding regions of the genes have also been reported for D. melanogaster in North America (Sezgin et al. 2004) , suggesting a potential role for these enzymes in thermal adaptation across, at least, insect taxa. In the Drosophila study, an amino acid polymorphism in Treh and a silent SNP in UGP show significant clinal variation (Sezgin et al. 2004 ). In our study, it is interesting that, for all three replacement SNPs showing clinal variation, the allele that is common in the newer part of the range is rare in the ancestral equatorial populations. Although the ancestral status of the SNPs is unknown, this observation is reminiscent of the general pattern seen in Drosophila studies where derived alleles tend to increase in frequency with increasing latitude, indicating directional selection on rare alleles associated with colonization of novel habitats (Sezgin et al. 2004; Hoffmann & Weeks 2007) .
Outlier pigmentation genes
We included several genes involved in pigmentation biosynthesis in the analysis because of widely reported clinal variation in pigmentation across taxa (e.g. Ellers & Boggs 2002; Hoekstra et al. 2006; Karl et al. 2009; ). However, we did not find significant clines for the replacement SNPs in the regions we sequenced. Interestingly, replacement SNPs in two pigmentation genes, black and yellow, were identified as more localized outliers in the southern part of the range (Table 3) . De Jong et al. (2010) found significant population differentiation in reaction norms on rearing temperature for wing pattern between the South African FB population and a population from Malawi. Also, the B. anynana centralis subspecies has been described on the basis of differences in wing pattern from the B. anynana anynana subspecies (Condamin 1973 ). Thus, it seems possible that these pigmentation genes are involved in local adaptation for wing pattern in B. anynana.
In addition to thermal adaptation in the form of UV protection and regulation of body temperature by melanisation, several other adaptive explanations have been put forward to explain the patterns of geographic variation in pigmentation. These include crypsis, deflection of predators, and mate choice and species recognition (True 2003) . In B. anynana, sexual selection is likely to be an important selective force shaping wing pattern, and hence may play an important role in driving population differentiation and eventually speciation (Oliver et al. 2009 ). Also, wing pattern is likely to be involved in crypsis and predatory deflection in this species (Lyytinen et al. 2004) . Ongoing and future research may reveal which selective forces are driving population differentiation for wing pattern in B. anynana.
Genes lacking a signal of selection
We did not find clinal variation or significantly elevated population divergence for the developmental genes and the heat shock proteins, and many of the pigmentation and metabolic genes. The selected developmental genes play a crucial role during embryogenesis and developing wings in B. anynana and other organisms (Conceição et al. 2011), but are not known to be involved in thermal adaptation. It is important to point out that the absence of linear clines or elevated F ST values in coding regions does not exclude the possibility that a gene is involved in adaptive population differentiation. Selection does not necessarily translate into amino acid changes, but can also result in changes in regulatory regions, which can lead to differential expression of genes. For example, heat shock proteins and heat shock cognates have been shown to play an important role in temperature adaptation in a variety of organisms, with the majority of studies indicating an upregulation of the expression of heat shock proteins in response to thermal stress and other stress responses (e.g. Fangue et al. 2006; Chen et al. 2007; Rinehart et al. 2007) , which has been linked to genetic variation in the regulatory regions (Bettencourt et al. 2002; Chen et al. 2007) . Reports on clinal variation in the coding regions of heat shock proteins do exist (Frydenberg et al. 2003; Hemmer-Hansen et al. 2007 ), but these examples are much rarer.
Finally, it is worth mentioning that spatial patterns of selection may be affected by other climatic and ecological variables (e.g. rainfall, vegetation type), which can show more complex relationships with latitude than the linear clines studied here. Nonlinear clines have been identified for phenotypic traits (e.g. chill coma recovery in D. melanogaster, Arthur et al. 2008 ) and genetic variation (e.g. the Gpdh gene in D. melanogaster, Umina et al. 2006) . We cannot exclude the occurrence of more complex patterns of clinal variation among the studied populations, but testing for nonlinear latitudinal variation requires an increase in the number of populations and is, therefore, beyond the scope of this study.
Conclusions
In this study, we found clinal variation in amino acid polymorphisms in the metabolic enzymes UGP and Treh, of which UGP remained significant after multiple testing correction. In addition, two different outlier methods identified elevated population differentiation for the UGP locus, while the most reliable of these two methods also revealed the Treh loci as outliers. For these two genes, and particularly for UGP, our results strongly suggest adaptive population divergence along a latitudinal gradient and imply local adaptation against a background of generally low-to moderate population divergence. Our results are paralleled by previous reports on clinal variation in UGP and Treh in Drosophila melanogaster. Moreover, we found no evidence of clines with latitude in the heat shock, developmental and pigmentation genes, although we did find localized outlier signals for two genes in the latter group. Taken together, our findings indicate a putative role in thermal adaptation for the genes UGP and Treh, which therefore are interesting candidates for follow-up studies linking variation in phenotypic traits to molecular variation within and among populations, and possibly across species.
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